Heimbeck reported in 1930 that student nurses in Oslo with latent tuberculosis infection before starting work in a tuberculosis hospital had a decreased risk of subsequent active tuberculosis compared with classmates with a negative baseline skin test [1] . More recently, Andrews and colleagues estimated that individuals with latent tuberculosis who were newly tuberculosis exposed had a 79% lower risk of active tuberculosis compared to subjects without prior latent tuberculosis [2] . These studies indicate that among immunocompetent persons, latent tuberculosis infection without progression to active tuberculosis is associated with protection from subsequent active tuberculosis on reexposure. In contrast, subjects who have developed active tuberculosis disease once and then have been successfully treated exhibit a 4-fold increased risk of subsequent tuberculosis disease [3] . Taken together, these data in human immunodeficiency virus (HIV)-negative subjects show that although immunologic protection against tuberculosis is generated by infection that does not progress to tuberculosis, persons who fail to contain tuberculosis infection once are at risk to develop active tuberculosis.
HIV infection increases the overall risk of active tuberculosis disease developing after latent tuberculosis infection with a risk of active tuberculosis disease ranging from 3.7 to 16.2 cases per 100 years [4] [5] [6] [7] [8] [9] . The risk of active tuberculosis also appears to be increased by a prior episode of active tuberculosis: a study in HIV-infected South African miners with at least 1 episode of active tuberculosis showed that the risk of subsequent active tuberculosis disease was 19.7 cases per 100 years compared with 3.7 cases per 100 years among a similar but distinct cohort of HIV-infected miners without known prior active tuberculosis [9] . However, to our knowledge, no studies among HIV-infected adults have compared the incidence of subsequent active tuberculosis between subjects with and without prior active tuberculosis in a single cohort to calculate of the impact of prior active tuberculosis on the hazard of subsequent tuberculosis.
The DarDar Trial was a 7-year, randomized placebo-controlled phase 3 efficacy trial of a novel tuberculosis booster vaccine in HIV-infected adults [10] . At baseline, 80 (8.2%) subjects reported treatment for prior active tuberculosis. Here we evaluate the hazard of subsequent active tuberculosis among DarDar Trial placebo recipients with and without prior active tuberculosis.
MATERIALS AND METHODS

Study Subjects
Subject enrollment occurred from 2001 to 2005, and followup continued through January 2008. Subjects who gave informed consent were eligible for enrollment if they were aged 18 years or older and had 2 positive enzyme-linked immunosorbent assay (ELISA) tests for HIV, a CD4 count ≥200/μL, and a BCG scar. At baseline, all subjects were evaluated with a clinical history (including of prior active tuberculosis treatment), physical examination, tuberculin skin test (TST), single-view chest radiograph, 3 sputum samples for acid-fast bacilli (AFB) smear, and sputum mycobacterial culture. Subjects with active tuberculosis at baseline were excluded from enrollment. TST-positive subjects without a history of treatment for prior active tuberculosis were administered isoniazid for 6 months. Subjects were randomized 1:1 to receive 5 intradermal doses of active vaccine or borate-buffered saline placebo [10, 11] . For the present study, we confined our analyses to subjects who received placebo.
Human Research Conduct
Human experimentation guidelines of the US Department of Health and Human Services, as well as that of the Committee for the Protection of Human Subjects at Dartmouth College and the Research Ethics Committee of the Muhimbili University of Health and Allied Sciences, were followed in the conduct of this research.
Tuberculin Skin Test
Tuberculin (0.1 mL, RT-23, Statens Serum Institut, Copenhagen, Denmark) was injected intradermally on the forearm, and trained personnel measured any resultant induration at 48-72 hours. Subjects with positive reactions of ≥5 mm were offered isoniazid (INH) therapy unless the subject had been treated for prior active tuberculosis. Among subjects with positive reactions of ≥5 mm, 88% completed 6 months of INH [12] . In inadvertent deviation from the study protocol, 2 subjects completed 6 months of INH therapy despite a history of prior active tuberculosis.
Surveillance for Tuberculosis Disease
We evaluated subjects for active tuberculosis disease via physical examination and history at months 2, 4, and 6 months and every 3 months thereafter. In addition, subjects with ≥2 weeks of fever, cough, or weight loss underwent evaluation for active tuberculosis via a single-view chest radiograph, 3 sputum collections for AFB smear and mycobacterial culture, phlebotomy for mycobacterial blood culture, and additional studies as clinically indicated (eg, cultures of other body fluids or tissue biopsies).
Definitions of Tuberculosis
A 3-person, blinded adjudication panel reviewed all episodes of illness evaluated for active tuberculosis and designated subjects as having definite or probable tuberculosis according to rigorous study definitions (Table 1) [10] . Information about subject prior active tuberculosis status was not provided to the adjudication panel.
Microbiology
Subjects provided sputum samples via spontaneous expectoration or induction for AFB stain and mycobacterial culture. We employed standard culture techniques including culture on Lowenstein-Jensen medium and an automated mycobacterial blood culture (MB BacT, bioMérieux, Durham, North Carolina). Putative Mycobacterium tuberculosis isolates were inoculated in duplicate into 7H9 liquid medium supplemented with oleic acid, albumin, dextrose, and catalase and 15% glycerol, frozen at -70°C and shipped to the United States where M. tuberculosis complex was confirmed by DNA probes (Accuprobe, Gen-Probe, San Diego, California). Isolates not DNA probe-positive for M. tuberculosis complex were not included in these analysis.
Immunological Assays
We measured immune responses to mycobacterial antigens using 3 assays: we assessed interferon gamma (IFN-γ) responses to mycobacterial antigens using a standard ELISA, we assessed lymphocyte proliferation to mycobacterial antigens via a standard tritiated thymidine lymphocyte proliferation assay (LPA), and we measured antibody responses to the mycobacterial glycolipid lipoarabinomannan (LAM) by ELISA. Assay conduct is described in detail elsewhere [13, 14] . In brief, we incubated freshly isolated and ficolled peripheral blood mononuclear cells (PBMCs) with study antigens for 5 days in parallel IFN-γ and LPA assays. At the end of 5 days, centrifuged cell supernatants were frozen and sent to the United States for later IFN-γ level measurement using a standard IFN-γ ELISA (R&D Systems, Minneapolis, Minnesota).
We assessed IFN-γ responses to medium alone (negative control), phytohemagglutinin (positive control), 1 μg/mL M. tuberculosis ESAT-6, 0.5 μg/mL M. tuberculosis Ag85, or 0.5 μg/mL M. tuberculosis whole cell lysate, with all antigens acquired through the National Institutes of Health (see Acknowledgments). LPA assays were conducted on the same PBMCs with the same antigens used in the IFN-γ assay, with cells harvested onto filter paper and sent to the National Public Health Institute in Helsinki, Finland, for data acquisition on a scintillation counter. To measure antibody responses, serum diluted 1:100 was assayed via ELISA for immunoglobulin G antibodies to LAM using an in-house assay.
HIV RNA Testing
A preplanned subset of 341 placebo subjects underwent testing for HIV RNA after each dose of vaccine. Plasma was collected, frozen, and shipped to the United States, and HIV RNA was measured using the Bayer Versant HIV-1 RNA 3.0 (bDNA) assay.
Statistical Analysis
We compared demographic data and immune response data between subjects with and without prior active tuberculosis using the 2-tailed Student t test, Mann-Whitney U test, and Fisher exact test as appropriate with a P value threshold for significance of <.05. We then constructed a multivariable Cox proportional hazards regression model of the hazard of tuberculosis among subjects with and without prior active tuberculosis during prospective follow-up, adjusting for cofactors such as age, baseline CD4 count, INH completion, TST status, HIV RNA, and antiretroviral treatment status as detailed in the multivariate model results. We confirmed that the proportional hazards assumption was not violated using log-log plots and Schoenfeld residuals. We analyzed the data using Stata software version 9 (StataCorp, College Station, Texas).
RESULTS
Subject Characteristics
Among the 979 enrolled subjects assigned to the placebo arm of the trial, 80 (8.2%) reported prior active tuberculosis. At baseline, subjects with and without such a history had similar clinical and demographic characteristics (Table 2) , including the frequency of positive TST. Although subjects with prior active tuberculosis were more likely to be on antiretroviral therapy (ART), the proportion of subjects on ART was small and no cases of active tuberculosis developed in subjects on ART.
Incidence of Tuberculosis
During prospective follow-up, we diagnosed definite tuberculosis in 52 (5.3%) subjects and definite/probable tuberculosis in 92 (9.4%) subjects. The median time from study enrollment to a study tuberculosis diagnosis was similar in subjects with and without a history of prior active tuberculosis (definite tuberculosis, 23.4 vs 28.6 months, P = .335; definite/probable tuberculosis, 21.8 vs 26.3 months, P = .376). Among subjects with prior active tuberculosis, the median time between prior active tuberculosis and study tuberculosis diagnosis was 108.3 months (95% confidence interval [CI], 25.9-534.9 months) for definite tuberculosis and 68.4 months (95% CI, 23.0-451.3 months) for definite/probable tuberculosis. At baseline, subjects who subsequently developed active tuberculosis had lower CD4 counts, higher HIV RNA, a higher positive TST prevalence, and a higher rate of prior active tuberculosis Abbreviations: AFB, acid-fast bacilli; CFU, colony-forming units; MTB, Mycobacterium tuberculosis. a A positive chest radiograph was defined as one which exhibited, compared with a baseline film, new pulmonary infiltrates, cavitation, pleural effusion, pulmonary fibrosis, or intrathoracic lymphadenopathy.
( Table 2 ). Definite tuberculosis was diagnosed in 11 of 80 subjects (13.8%) with prior active tuberculosis (4.57 cases per 100 years) compared with 41 of 899 subjects (4.6%) without prior active tuberculosis (1.43 cases per 100 years; risk ratio [RR], 3.01; 95% CI, 1.61-5.63, P < .001). Definite/probable tuberculosis was diagnosed in 17 of 80 patients (21.3%) with prior active tuberculosis (7.42 cases per 100 years) and 75 of 899 patients (8.3%) without prior active tuberculosis (2.14 cases per 100 years; RR, 2.55; 95% CI, 1.59-4.09, P < .001). The significant association between prior active tuberculosis and the risk of subsequent definite and definite/probable tuberculosis persisted among subjects who did or did not receive INH and among subjects with positive and negative baseline TST status, and prior active tuberculosis was also associated with increased risk of probable tuberculosis alone (data not shown).
Immune Responses in Subjects With or Without Prior Active Tuberculosis
There were no differences in baseline IFN-γ or LPA responses to the mycobacterial antigens Ag85 and ESAT-6 and whole cell lysate between subjects who did or did not report prior active tuberculosis, nor were there differences in antibody responses to LAM between the 2 groups (data not shown).
Multivariable Model
We conducted a multivariable Cox regression analysis of the relation of prior active tuberculosis and other covariates with the hazard of subsequent definite and definite/probable tuberculosis (Table 3 ). Compared to subjects without prior active tuberculosis, subjects with prior active tuberculosis experienced significant elevated hazard of both definite tuberculosis (hazard ratio [HR], 2.99-3.93) and definite/probable tuberculosis (HR, 2.54-3.31). Adjustment in the multivariable model for INH receipt (or TST status) had little impact on the elevated hazard of subsequent tuberculosis among subjects with prior active tuberculosis.
Because subjects with a positive TST did not receive 6 months of INH prophylaxis if they had prior active tuberculosis (with 2 exceptions), we conducted supplemental analyses among the 703 subjects who did not receive INH to determine if lack of INH receipt was the basis for the increased risk of a second episode of tuberculosis among subjects with prior active tuberculosis (Table 4 ). In these supplemental analyses, subjects with prior active tuberculosis exhibited significantly elevated hazard of subsequent definite tuberculosis and definite/probable tuberculosis. Last, in additional analyses among the lower-risk cohort of 649 subjects with a negative TST, we confirmed the association between prior active tuberculosis and an increased hazard of subsequent definite and definite/ probable tuberculosis (Table 5) .
DISCUSSION
Among BCG-immunized, HIV-infected adults living in a high-tuberculosis-burden country, we found that the hazard of future tuberculosis was increased 3-fold among those with a history of prior active tuberculosis. This enhanced hazard of future tuberculosis among subjects with prior active tuberculosis was robust and consistent across multivariable analyses adjusted for several key clinical factors. Classically, Heimbeck showed that prior immune containment of latent tuberculosis among immunocompetent adults is associated with a decreased risk of incident active tuberculosis in a high-risk exposure setting [1] . In contrast, among the HIV-infected subjects in our study, subjects with latent tuberculosis had an elevated hazard of developing tuberculosis. This hazard was even greater, independently, among subjects with prior active tuberculosis [10] . These findings suggest that among immunocompromised patients living where tuberculosis is highly endemic, failure to contain tuberculosis infection once is associated with substantial risk of future active tuberculosis disease.
Cost and infrastructure requirements are major impediments to the implementation of novel laboratory-based measures such as IFN-γ release assays to assess tuberculosis risk and thus prioritize preventive interventions [15] . Here we show that an inexpensive simple measure-a clinical history of prior active tuberculosis-identified HIV-infected adults at markedly increased risk of developing active tuberculosis in a fashion that was independent of known measures like the TST and at least as predictive. This finding should trigger prioritized delivery of interventions designed to prevent the development of tuberculosis, such as isoniazid preventive therapy (IPT) and ART, to HIV-infected adults with a clinical history of prior active tuberculosis, an expansion of existing recommendations to prevent tuberculosis via the provision of ART to HIV-infected adults during active tuberculosis [16] [17] [18] [19] [20] .
In previous analyses of the placebo subjects from the DarDar trial, we observed that IFN-γ responses to mycobacterial antigens at baseline were associated with a 60% reduction in the hazard of subsequent definite/probable tuberculosis [13] . We did not observe, however, differences in IFN-γ or other immune responses between subjects with or without prior active tuberculosis, suggesting that either we did not measure the relevant immunological parameter or that nonimmunological factors underlie the observed association. Our study is the first to formally quantify the hazard of active tuberculosis between subjects with and without a history of prior active tuberculosis in a single well-characterized cohort. We assessed baseline demographic and immunological characteristics in a phase 3 clinical trial setting, and assessed tuberculosis outcomes in active prospective follow-up using M. tuberculosis culture in our trial diagnostic protocol. However, our study has important limitations. First, we defined prior active tuberculosis status solely on the basis of subject history and not via direct microbiological confirmation of the original tuberculosis diagnosis. Patient history is, however, by far the most commonly available clinical marker of prior active tuberculosis, allowing better generalization to modern-day clinical practice in the developing world. Second, although there was a clear relationship between the risk of subsequent tuberculosis and the baseline HIV load, we assessed the HIV load only in a preplanned subset of subjects and so could not include this key covariate in the full multivariable model. In the 334 subjects in whom HIV RNA data were available, multivariable analyses adjusting for HIV RNA showed that the risk of subsequent HIV-associated tuberculosis remained substantially elevated among subjects with prior active tuberculosis. Last, all subjects with prior active tuberculosis were given ART, and no tuberculosis developed among subjects on ART, an imbalance in ART administration between study groups that would bias against the finding of an association between prior active tuberculosis and an elevated hazard of future tuberculosis.
Our protocol for the administration of IPT is a potential confounder of this analysis. In contrast to 2011 WHO guidelines advocating the provision of IPT to all HIV-infected adults regardless of TST status [21] , in our 2001-2008 study we administered INH only to TST-positive subjects who had not been treated for prior active tuberculosis [12] . It is conceivable that this contributed to the higher subsequent incidence of tuberculosis among subjects with prior active tuberculosis. However, incorporation of INH receipt or TST status into our main multivariable model had only a trivial effect on the increased hazard of tuberculosis among subjects with prior active tuberculosis, and the association between prior active tuberculosis and increased hazard of subsequent tuberculosis persisted in supplemental analyses conducted solely in subjects who did not receive INH or who had a negative TST. Notably, the latter analyses had smaller HRs and borderline P values, likely owing to the lower number of tuberculosis cases in this lower-risk subset of subjects. Taken together, our data suggest that lack of INH receipt and TST status were not major drivers of the strong and consistent association between prior active tuberculosis and the risk of subsequent HIV-associated tuberculosis.
Although subjects with prior active tuberculosis exhibited dramatically elevated susceptibility to recurrent tuberculosis, we believe this was not a consequence of progression of undetected subclinical tuberculosis at baseline or of relapse of previously treated disease. Subjects were screened comprehensively at study enrollment for the presence of active tuberculosis including via sputum and blood cultures even in the absence of suggestive symptomatology, an approach that allowed us to first identify the entity of subclinical tuberculosis in HIV [22] . Moreover, the median time between the prior episode of active tuberculosis and study diagnosis of tuberculosis was >5 years, and IS6110 analyses from our cohort of tuberculosis cases suggests that the majority were from new infection, not reactivation of tuberculosis [23] . These findings support our hypothesis that the major driver of high incidence of recurrent tuberculosis among subjects with prior active tuberculosis is failure to contain tuberculosis to which they have been newly exposed.
The novel confirmation of the independent and substantial association between prior active tuberculosis and subsequent tuberculosis among HIV-infected adults in a tuberculosis endemic area is clinically important: it identifies a specific subset of patients for whom intensified interventions to prevent tuberculosis should be considered. Given the clear preventive benefit of ART either alone or in combination with INH [16] [17] [18] [19] [20] , we recommend that both IPT and ART be provided to HIV-infected adults on the basis of a clinical history of prior active tuberculosis. Since HIV-infected persons may have subclinical active tuberculosis with minimal or absent clinical and radiologic findings [22] , we recommend a comprehensive tuberculosis diagnostic workup at the onset of ART and ongoing surveillance for tuberculosis with regular clinical examinations and laboratory studies for this group of high-risk patients with prior active tuberculosis.
Notes
